Water jet processing techniques can be successfully applied in many fields of civil engineering, such as: structural engineering, structural reconstruction, renovation, demolition and recycling. The problem of cutting difficult-to-machine materials led to the development and application of today the most attractive method for contour cutting -Abrasive Water Jet Cutting (AWJC). It is a high-tech technique that provides unique capabilities compared to conventional machining processes. This paper, along the theoretical derivations, provides a study on use of water jet in construction and civil engineering. The particular part of this paper deals with the results of the original experimental research on granite and aluminum cutting.
INTRODUCTION
In the 1960's, an American aerospace company faced the challenge of cutting fiberreinforced, honeycombed, and sandwich materials. Conventional cutting processes destroyed the material's structure and could not be used. It was, therefore, imperative that a new cutting method is found so that the industry could go forward. The solution was found in pressurizing water to ultra-high pressures and focusing it into a high velocity stream. The first abrasive water jet machine was introduced in 1982. Since then, the technology has grown with the increased use of sophisticated materials and the need for complex shapes.
Abrasive water jet (AWJ) cutting is a non-conventional machining process that uses high velocity water with abrasives for cutting a variety of materials. It is the most suitable process for very thick, highly reflective or highly thermal-conductive materials, as well as hard materials. Abrasive water jets can cut a wide range of thicknesses. Typical thicknesses are 100 mm for stainless steel, 120 mm for aluminium, 140 mm for stone, 100 mm for glass, but not limited to that.
Abrasive water jet machining is appropriate and cost effective for a number of procedures and materials and is applied in nearly all areas of modern industry. Table 1 gives a review about industrial applications of the water jet technique [1] . An abrasive water jet is a jet of water which contains abrasive particles. Solid particles -the "abrasive"join the water jet in a mixing chamber ( Fig. 1 ) and are focused by the abrasive nozzle. High pressure water enters the upper portion of the nozzle assembly and passes through a small-diameter (d 0 = 0.08 -0.4 mm) water nozzle to form a narrow jet. The water jet then passes through a small chamber where a Venturi effect creates a slight vacuum that pulls abrasive material and air into this area through a feed tube. The abrasive particles are accelerated by the moving stream of water, and together they pass into a long, hollow cylindrical nozzle. The abrasive and Fig. 1 Abrasive water jet cutting head water mixture exits the abrasive nozzle as a coherent abrasive water jet and cuts the material.
In the process of abrasive water jet cutting the high pressure pump produces the required pressure up to p = 400 MPa. When the pressurized water comes out from the orifice, a water jet is created. The result is a very thin, extremely high velocity (approx. 900 m/s) water jet. Velocity of the water jet can be calculated on behalf of Bernoulli's law, and is expressed as:
Leakage velocity of water jet from a nozzle is crucial because its role is to accelerate the abrasive particles. Due to the extra weight, abrasive particles, however, cannot achieve the velocity of water jet but only a part of that velocity [2] .
The volume flow rate of water may be expressed as: 
The law of conservation of momentum says that the total momentum of any closed system, i.e., the vector sum of the momentum vectors of all the things in the system, is a constant. The momentum of air before and after mixing will be neglected due to very low density. Further, it is assumed that after mixing both water and abrasive phases attain the same velocity of abrasive water jet. Moreover, when the abrasive particles are fed into the water jet through the port of the mixing chamber, their velocity is also very low and their momentum can be neglected, and the general equation leads to:
As during the mixing process the momentum loss occurs as the abrasives collide with the water jet and at the inner wall of the abrasive nozzle multiple times before being entrained, the velocity of abrasive water jet is given as,
where ηmomentum loss factor, whose values lies around 0.65-0.85 [3] .
Then, solid abrasive particles are added and mixed with the water jet. The resulting abrasive water jet is focused to the material through the abrasive nozzle. The impact of solid particles is the main mechanism in the process of removing material by the abrasive water jet [4] .
Hashish [5] proposed a general model for the material removal mechanism, in which a stable cutting process takes place to a certain depth of penetration of the abrasive water jet, followed by the formation of steps on the surface of the cut. Below the critical depth, the processing is unstable resulting in the creation of striated or wavy surface of the cut (Fig. 2 ).
Fig. 2 Development of the cut surface by abrasive water jet cutting
With increasing depth and creating steps, the removal mechanism is changing from cutting to the separating material by plastic deformation. The above-described mechanism, cyclic repeating, resulting in different types of material damage, which is the subject of the study of damage mechanic.
The cut surfaces produced by the abrasive water jet cutting typically exhibit a smooth upper zone followed by a lower striated zone (Fig 3) .
These phenomena can be related to the jet loss of energy during the cutting process, e.g. deformation of the sharp edges of the abrasive particles as illustrated in Fig. 4 [6] . Application of cutting by abrasive water jet lie in the field of: non-metallic materials (glass, ceramics, marble, granite, concrete, polymers, composite materials, tool ceramics) and metallic materials (medium and high strength alloy steels, tool steels and stainless steels, abrasion resistant steel, cast iron, aluminum, copper, titanium, tungsten, manganese, hard alloy). Modern abrasive water jet cutting is gaining popularity because of the ability of processing almost any material of significant thickness (Fig. 5 ). Materials that are reflective, with a high heat transfer coefficient or sensitive to heat treatment, are suitable for cutting with abrasive water jet. As the thickness of the material increases the abrasive water jet cutting is becoming more convenient method of machining, especially when it is necessary to maintain accuracy.
Concrete
Marble and stone Ceramic Steel The water jet is a promising tool not only for manufacturing industries but also for the civil engineering field due to its distinctive features of low vibration, little dust, and low impact or disturbance to areas adjacent to the operation. This makes the water jet an environmentally-friendly technique over conventional cutting and dismantling methods such as the use of drilling and blasting, a hydraulic jackhammer, and a diamond saw cutter. Where there is concrete to be removed or prepared for reapplication water jetting is the cost effective solution.
Following are some examples where the water jet has already been used or has been tested and found to be suitable for the application [7] .
Concrete hydrodemolition
Hydrodemolition is the process of removing concrete with minimal or no vibration with a water jet ( Fig. 6) . Hydrodemolition is used for various procedures where deteriorated or damaged concrete has to be removed, but leaving the reinforcing steel washed clean, intact and undamaged. The remaining concrete surface has a rough washed clean finish, with great bonding properties, to allow superior repairs.
Fig. 6 Selective removal of deteriorated concrete
Hydrodemolition is widely used in the construction industry for bridge repairs/ strengthening. The benefits are: no vibration (does not cause stress fractures sometimes called micro cracks), no dust (because you are cutting the concrete with water the area remains dust free and is washed clean at the same time), no damage to steel reinforcing (the steel reinforcing gets cleaned during the jetting process and remains undamaged), thus enabling a fast and cost effective repair.
Concrete Surface Preparation
Surface preparation is used for preparing a surface ready for inspection; repair or maintenance, another form of surface preparation is coating removal. Surface preparation of concrete also known as scabbling or scarifying, it is often done by ultra high pressure water with rotary nozzles. This nozzle has 4 to 6 jets which reduces the impact of water jet and has a larger coverage compared to a standard single nozzle (Fig. 7) .
Fig. 7 Surface preparation
Surface Preparation and coating removal with Ultra high pressure water is a technique that has many advantages over sand/grit blasting. When removing coatings from steel surfaces, the water jet only removes the coating and leaves the steel undamaged and clean ( Fig. 8 ). Water jetting does not create dust and reduces the cost of cleanup and disposal of spent abrasive.
Fig. 8
Decoating of reinforced concrete with hand-held high-pressure water jet equipment
Cutting of concrete sections
In the construction industry, the abrasive water jet will most likely be used for cutting steel beams and concrete sections ( Fig. 9 ). For steel, the cutting rates are slower with the water jet than for other tools, such as plasma arcs. However, often the cost is offset by the time saved by reducing or eliminating finishing steps. This is because there is no heat affected zone with the water jet. The water jet has also been able to cut through thick slabs of concrete. This will save in the cost of buying diamond tipped saws and sharpening them [8] .
Fig. 9 Cutting of heavily reinforced concrete ceilings

Architectural Profiles
Abrasive water jet cutting has revolutionized the decorative fabrication industry. Many shops experience benefits using this new wave of technology. From simple block letters to complex and intricate designs, abrasive water jet cutting bring ideas of architects and designers from concept to completion within a short time [9] . Extraordinary results and superior edge finishes can be achieved with the state-of-the-art abrasive water jet equipment in cutting diverse materials from marble to glass and brass to wood. Typical applications are ranging from cutting of marble and granite floor inlays to cutting of small labels for name plates (Fig. 10) . The variety of shapes and designs in which the signages can be crafted is endless.
Fig. 10 Custom flooring from stone
For use of abrasive water jets in civil and constructive engineering it is specific that equipment often is not located in shops, but these systems can be supplied for mobile operation at construction sites (Fig. 11 ).
Fig. 11
Mobile equipment and concrete removal with hand-held water jet tools
EXPERIMENTAL WORK
A series of water jet cutting experiments were conducted in order to determine linear cutting speed at which a complete cut still happens, i.e. to just barely cut through material. In this way a boundary line that separates the area in which the cut is complete, and the one where we have only a partial cut (Fig. 12) is defined.
Fig. 12 Cut-through speed boundary line
Work piece material, aluminium alloy AA-ASTM 6060 (Al MgSi) and granite was used. These materials are chosen as a work piece material because they are very attractive and can provide significant value for the end user. Also, aluminium and its alloys are characterized by high reflectivity and thermal conductivity. This makes them relatively difficult to cut with lasers. Abrasive water jet cutting, which does not create an observable heat affected zone, is much more useful for cutting aluminum for modern applications. Granite is a widely used material in construction industry. A high efficiency and high quality cutting method for granite cutting is always demanded by industry. The AWJ cutting may also be used for other rock cutting [10] .
The survey was conducted on prepared specimens with thickness of: s = 6, 8, 10, 12, 15 and 20 mm. Other parameter values of the process were:
 workpiece material: granite and aluminium alloy,  water pressure: p = 400 MPa,  water nozzle diameter: d 0 = 0,30 mm,  abrasive nozzle diameter: d A = 1,02 mm,  abrasive flow rate q = 300 and 400 g/min and  distance of the cutting head to workpiece z = 2 mm. Feed rate (v) is, for each cut, gradually increased, until there was no cut in which the sample is not completely cut through, as shown in Fig. 13 .
Fig. 13 Incomplete cut
The value of the cutting speed at which there is a complete separation of material through its whole thickness is influenced by many factors, among which the most important are: the type of material, its thickness, and abrasive flow rate and water pressure [11] . With consideration that, in practice, for cutting we always use the maximum pressure that the machine can achieve, the influence of water pressure, even though it has a major impact on the ability of AWJ cutting has not varied, but the maximum value of water pressure of p = 400 MPa was used.
Diagram showing the influence of the type of material, thickness of the work piece and the abrasive flow rate on cut-through cutting speed (feed rate) is presented in Fig. 14. 
Fig. 14 Effect of process parameters on separation speed
Experimental studies, presented in this paper, were carried out in real working conditions, in which the measured parameters are depending on the parameters of the machining. With the increasing use of abrasive water jet cutting, there is a need for quantitative description of the processing operations, and therefore are necessary mathematical models to describe the process parameters [12] .
CONCLUSION
Water jet technique could be successfully employed in many areas of civil engineering and construction, such as: structural engineering, foundation engineering, construction repair, renovation, demolition and in recycling.
Abrasive water jet cutting is of great interest for various reasons. Almost any material can be cut, with a wide range of thickness. The abrasive water jet makes it possible to cut random contours, very fine tabs and filigree structures.
Although there are no restrictions on the types of work piece material by the use of AWJ, however there is a limit to the thickness of the workpiece that can be cost-effectively machined, compared to other cutting processes. Therefore, the knowledge of material cutting speed limit and influence of process parameters is step towards ensuring optimum cost of production and meeting the demands of customers.
In this study, the maximum cutting speed of the machined material in terms of process parameters in AWJ-machined aluminium alloy and granite was investigated experimentally. Summarizing the main features of the results, the following conclusions may be drawn:
 The value of process parameters at which the cut is complete, depend primarily on the type of material and thickness of the work piece. During the processing of aluminum, cutting speed is over two times less than processing granite of the same thickness.  As the feed rate increases, the AWJ cuts narrower kerf. This is because the feed rate of abrasive water jet allows fewer abrasives to strike on the jet target and hence generates a narrower slot.
